The low-temperature transport properties were systematically studied on the electron-doped polycrystalline La 1Àx Hf x MnO 3 (x ¼ 0.2 and 0.3) compounds at the presence of external magnetic fields. The resistivity of all samples exhibits a generally low-temperature resistance upturn behavior under zero magnetic field at the temperature of T min , which first shifts towards lower temperature at low magnetic field (H < 0.75 T) and then moves back to higher temperature as magnetic fields increase, which is greatly different with the previous results on the hole-doped manganites. The best fitting of low-temperature resistivity could be made by considering both electron-electron (e-e) interactions in terms of T 1/2 dependence and Kondo-like spin dependent scattering in terms of lnT dependence at all magnetic fields. Our results will be meaningful to understand the underlying physical mechanism of low-temperature resistivity minimum behavior in the electron-doped manganites. V C 2012 American Institute of Physics. [http://dx
I. INTRODUCTION
In the doped manganites, the interactions among the charge, orbital, spin, and lattice will result in a variety of intriguing phenomenon, such as the colossal magnetoresistance (CMR), 1,2 charge-orbital-ordering (COO), 3, 4 multiferroelectric, 5 and high-T c superconductivity. 6, 7 During the years, much attention has been focused on the electric and magnetic transport properties of doped manganites at low temperature. [8] [9] [10] [11] [12] [13] [14] With temperature decrease, the contribution from the electron-phonon interaction will be greatly weakened and the Coulomb interaction cannot be ignored as usual. Thus, the low-temperature transport behavior may reflect their intrinsic mechanism. Several works have provided evidence for the existence of the resistivity minimum at low temperature in the doped manganites, no matter the polycrystalline, single crystals, or the epitaxial thin films. The observed phenomenon is similar to the Kondo effect, which was first found in the crystalline noble-metal alloys with low magnetic impurity concentration. They attributed it to the exchange interaction between itinerant conduction electrons and localized spin impurities. However, the difference between Kondo effect and the effects observed on the manganites is that the temperature for resistivity minima of Kondo effect, T min, is independent on the applied magnetic fields. Rozenberg et al. 8 obtained a shallow minimum on ceramic La 0.5 Pb 0.5 MnO 3 sample at temperature of 25-30 K under zero magnetic field. The T min shifts towards lower temperatures under external magnetic fields and disappears at a certain field. Xu et al. 9 found the similar variation trend of T min on polycrystalline La 2/3 Ca 1/3 MnO 3 under various magnetic fields. However, they declared that such behavior not only disappeared but also almost independent when the magnetic field is higher than 1 T. Kumar et al. reported the observation of lowtemperature resistivity minima in La 0.7 Ca 0.3 MnO 3 thin films and found that T min moves first to the higher temperature at low magnetic fields and then to lower temperature at high magnetic field. 10 It was obvious that different effects of magnetic fields on the low-temperature upturn for polycrystalline samples and thin films were attributed to different electronic conduction mechanisms. So far, in order to explain this interesting and abnormal behavior at low temperature, several models have been proposed, such as spin-polarized tunneling through the grain boundaries, Kondo-type effect due to the spin disorder, and quantum corrections to conductivity (QCC) effect including electron-electron (e-e) interactions, and weak localization effects due to the finite dimensions of systems. [8] [9] [10] [11] [12] [13] [14] It is widely accepted that the model of intergrain spin-polarized tunneling through grain boundaries (GBs) may account for resistivity minimum behaviors in the polycrystalline. 8 However, the QCC effects may be the dominant mechanism in manganite single crystals and thin films, which was proven both experimentally and theoretically. 10 shows a single tetravalent or zero valence states. This makes it relatively simple and reliable to study the electronic structure of La 1Àx Hf x MnO 3 system. Our previous results from the x-ray photoemission spectroscopy (XPS) and magnetically Hall measurement prove that the La 1Àx Hf x MnO 3 system is a typical electron-doped manganite. [22] [23] [24] However, as far as we know, the low-temperature transport property of electrondoped manganites is limited, and no attempt was done on Hf-doped manganites. In this paper, the effects of applied magnetic field on the low-temperature transport property of polycrystalline La 1Àx Hf x MnO 3 (LHMO) compounds with Hf doping levels of 0.2 and 0.3 were studied. The results show that the low-temperature resistivity minimum behavior is strongly dependent on the applied magnetic field. The variation trend of T min in our case is not consistent with the previous works like Refs. 8-10, but T min shifts to lower temperature at low field region and then moves to higher temperature at high field region. We found that two possible mechanisms of e-e interaction and spin dependent scattering coexistence under various magnetic fields might be responsible for such behavior.
II. EXPERIMENT DETAILS
The LHMO bulk polycrystalline samples with different doping levels x ¼ 0.2 and 0.3 were prepared by standard solid-state reaction method. Stoichiometric amounts of La 2 O 3 , HfO 2 , and MnO 2 high-purity powders were mixed together sufficiently and preheated to 900 C for 12 h. Then, it was pressed into pellet and sintered in air at 1200 C for 96 h with intermediate grindings and cooled down to room temperature slowly. A second sintering by repeating the second step was carried out in order to improve the purity of samples. The structure of LHMO samples was examined by powder x-ray diffraction (XRD) measurements using Cu Ka radiation (the results were shown and discussed in detail in Ref. 24 ). The electrical transport properties (q-T) were measured by standard four-probe method using physical property measurement system (PPMS, Quantum Design) in the temperature range of 5-300 K and the magnetic field range of 0-5 T. Before applying the next fields, the samples were warmed up to the room temperature and kept for 10 min. Then, the resistances of samples were recorded during the cooling down process. The electric contacts were made using silver paste with the contacting resistance below 0.05 X at room temperature. All the q-T curves were measured through field cooling process.
III. RESULTS AND DISCUSSIONS
As shown in Fig. 1 , the temperature dependence of resistivity (q) and magnetoresistance (MR ¼ [R(H)-R(0)] Â 100%/ R(0)) for LHMO(0.2) and LHMO(0.3) was measured under various magnetic fields. Both of them present a metal-to-insulator transition (MIT) with decrease in temperature. The resistivity of LHMO(0.3) is smaller than that of LHMO(0.2) due to the high doping level induced increase of carrier density. For LHMO(0.2), two independent peaks are found, one is a sharp peak at $232 K and another is a broad peak at $210 K (shown in Fig. 1(a) ). The results on the temperature dependent magnetization for LHMO(0.2) show a paramagnetic-toferromagnetic transition at $230 K, confirming that the MIT happens at the temperature of first sharp peak. 24 As shown in Fig. 1(b) , the calculated MR also confirms the real MIT happened at $230 K because the transition temperature will gradually increase with increase in the magnetic fields. Although the sharp peak in the q-T of LHMO(0.3) is not obvious ( Fig. 1(c) ), the dq/dT curve presents a significant difference at the temperature of sharp peak ($220 K) and broad peak ($190 K). Many previous works gave evidences that the presence of grains and GB modifies the transport property in ceramic manganites as compared to single crystal and thin film samples. Unlike the sharp drop observed near the MIT temperature in the epitaxial thin films, the resistivity of a polycrystalline samples exhibits a wide maximum resistivity at a temperature below T c . Such a shoulder-like feature had also been observed for oxygenated La 2/3 Ba 1/3 MnO 3 and La 0.7 Ce 0.3 MnO 3 samples. 15, 16 The MR in the polycrystalline and single crystal samples also show a great difference. In the single crystal thin films, there is a colossal MR in the vicinity of T c and a very small MR apart from it. On the other hand, the polycrystalline samples have an appreciable MR at all temperature regions, which usually manifests a large MR even at the low temperature region. As shown in Figs. 1(b) and 1(d), the MRs of LHMO(0.2) and LHMO(0.3) are 40% and 45.3% measured at 5 K under magnetic field of 5 T, respectively. These values are much larger than the MR observed in the other single crystal films under the same conditions. It is noteworthy that there is a resistivity upturn which appears at low temperature. The resistivity minimum T min is 41.6 and 92.9 K for LHMO(0.2) and LHMO(0.3), respectively. The result is similar to that obtained on the other holedoped ceramic manganites. 25 They also point out that it cannot be attributed to the charge-orbital ordering effects due to the weak upturn of resistivity.
We further investigate the resistivity minimum behavior under different applied magnetic fields from 0 to 5 T at low temperature. As shown in Fig. 2(a) , the scatters represent the experimental results measured in the temperature range of 5-100 K. The resistivity minimum behavior of LHMO(0.2) is strongly dependent on the magnetic fields, which makes it quite different from the Kondo effect. The significant change is that T min shifts first to the lower temperature as the magnetic fields increasing to 0.5 T, and then moves back to the higher temperature when the magnetic fields further increase to 5 T. The same variation trend of T min is found on the LHMO(0.3) sample, as shown in the scatters of Fig. 2(b) . The difference between the LHMO(0.3) and LHMO(0.2) is that the turning point of T min for LHMO(0.3) is at magnetic field of 0.75 T. The field dependence of T min for LHMO(0.2) and LHMO(0.3) is shown in Fig. 3 . Our results are quite different from previous works, no matter the T min moves monotonously toward lower (or higher) temperature with the increase of applied fields and upturn disappears at a certain field as in Refs. 8 and 13, or the T min moves first to the higher temperature at low fields and then to lower temperature as magnetic fields further increase (as in Ref. 9) . In order to give a clear view of the effects of applied magnetic fields to the resistivity upturn, we normalized the resistivity to that of 100 and 150 K for LHMO(0.2) and LHMO(0.3), as shown in Figs. 4(a) and 4(b), respectively. It is obvious to find that the resistivity upturn below T min is rapidly suppressed at low magnetic fields (present as black hollow symbols). However, this resistivity upturn behavior becomes intense as magnetic fields increasing over 0.75 T (present as red solid symbols), neither saturated nor disappeared as described by previous works. We introduced the expression of depth of resistivity minimum Dq in order to represent the degree of upturn behavior at low temperatures, which can be written as where, q 5K and q T min represent the resistivity measured at 5 K and T min , respectively. Figure 5 shows the Dq as a function of applied magnetic fields. The Dq of LHMO(0.2) and LHMO(0.3) samples present a rapid decrease in the range of low applied field, H < 0.75 T, and an increase almost linearly when magnetic fields above 0.75 T. The slopes of Dq-H curves in two different regions indicate that the lowtemperature resistivity is more sensitive to the magnetic field at low field region. In order to understand the origin of the observed resistivity minimum, several different models are taken into account, including spin dependent scattering, QCC effects, and so on. Based on the results of low-temperature resistivity is sensitive to the magnetic fields, we first consider that the resistivity minimum partly originate from spin dependent scattering which is proven to be suppressed by external magnetic fields and is also the general characteristic of polycrystalline samples. The resistivity of system under the model of spin dependent scattering can be described as follows:
where q 0 is the residual resistivity and q s ðT; HÞ is the spin dependent scattering resistivity. However, when we tried to fit the results obtained from experiments simply by Eq. (2), it has distinct departure for all the scatters measured at low temperature. It may not be suitable to consider the single factor of spin dependent scattering affecting our observed behavior. It is well known that the low-temperature resistivity will be significantly affected by the QCC effects for an intrinsically disordered system. The QCC effect originated from the weak localization and e-e interaction. 27 The total resistivity of the system in the first-order correction can be given by the following expression:
qðT; HÞ ¼ q 0 þ q m ðT; HÞ À q 0 2 ½r ee ðT; HÞ þ r wl ðT; HÞ;
where the q m ðT; HÞ is the magnetic resistivity contributed from the anisotropic MR and magnon scattering, r ee ðT; HÞ and r wl ðT; HÞ are the conductivities due to the e-e interaction and the weak localization, respectively. In our case, the magnetic fields are applied perpendicular to the samples. Thus, q m ðT; HÞ can be seen as a constant changing with temperature but provides no contribution as magnetic field changing. Generally, the r wl ðT; HÞ can be also neglected for two reasons. On the one hand, the weak localization results from the interference of complementary electron waves, which are already destroyed by the strong spontaneous ferromagnetic fields far below T c . On the other hand, the weak localization effect only plays a key role in affecting the physical properties of manganites when the film thickness is very thin. As reported by Maritato et al., the weak localization effect becomes effective when film thickness below 20 nm. 12 For our LHMO polycrystalline bulk samples, the effect of weak localization is inconsiderable under the applied magnetic fields. Therefore, the e-e interaction will dominate in the QCC effect. At low temperatures, the resistivity can be described by considering the elastic scattering part q el ðT; HÞ (including Coulomb interaction and electron-impurities) and inelastic scattering part (including electron-phonon interaction, electron-magnon interaction, etc.) q in ðT; HÞ, qðT; HÞ ¼ q el ðT; HÞ þ q in ðT; HÞ:
According to the previous works, [8] [9] [10] [12] [13] [14] 28 the elastic resistivity due to the quantum correction, combining with the effects of e-e interaction and disorder, can be written as Eq. (5). At the same time, the resistivity due to the inelastic scattering can be written as Eq. (6),
where the q e and q p are the e-e interaction coefficient and the e-p interaction coefficient, respectively. We substitute Eqs. (5) and (6) into Eq. (4). Meanwhile, we ignore the q m ðT; HÞ and r wl ðT; HÞ sections when considering Eq. (3). Therefore, the total resistivity originated from QCC effect can be obtained as
Usually, p is equal to 2 as reported in the previous works. 8 We try to fit the experiment resistivity under different magnetic fields with Eq. (7). Again, we could not get well-fitted curves no matter in the lower magnetic fields or higher magnetic fields. Therefore, we have to consider combining two possible mechanisms together. Thus, the total resistivity of system can be obtained as
We fit the experiment resistivity under all the magnetic fields to Eq. (8) . The fitted results are present with the color solid lines in Fig. 2 . It can be found that all the data can be well fitted considering both terms of lnT and T 1/2 . The good agreement between experiment data and fitted curves also confirm our assumption of the resistivity upturn behavior, which may come from both spin dependent scattering model and QCC effect model (e-e interaction and disorder). Xu et al. also declared that both e-e interaction and spin dependent scattering should be taken into account in the low-temperature upturn behavior of the polycrystalline La 2/3 Ca 1/3 MnO 3 samples at the low magnetic fields (H < 1 T). However, they found that the experiment results obtained in the higher fields could be fitted well without accounting the spin dependent scattering in terms of lnT, which is the little difference between their work and ours.
The corresponding coefficients (q 0 , q s , q e , and q p ) are shown in Table I . Although the fittings are only the results of the phenomenological analysis, all the values of corresponding coefficients cannot reflect the real nature of underlying physics. As shown in Table I , we can find that all the coefficients decrease as magnetic fields increasing. For the residual resistivity, q 0 , a slightly decrease is found with an increase of magnetic field. It exhibits a usual behavior compared with a good conductor, which should not depend on the magnetic fields. Nevertheless, this variation trend of q 0 is coincidence with the results found in Refs. 9, 10, and 12. The electronphonon resistivity q p is found much smaller than the other coefficients by over three orders, indicating the weak influence to the total resistivity. Thus, the main factors affect the total resistivity under various magnetic fields are q s and q e , Fig. 6 shows the q s and q e change as a function of magnetic fields. The q s and q e show the same variation trend as T min and were found decreasing with the increase of magnetic fields. There is an obvious boundary between the low magnetic field region (H < 0.75 T) and high magnetic field region (H > 0.75 T). In the lower field region, both q s and q e show a rapid drop as increasing the magnetic fields until H ¼ 0.75 T, while these variations become moderate when magnetic field larger than 0.75 T. We think that the resistivity minimum behavior at low-temperature comes from the competition of two main contributions: one increase, another decrease as magnetic fields increasing. An applied magnetic field can align the spins of the magnetic domains to the direction of fields and induce the deconfinement of the motion of the spin-polarized carriers. Then, the tunneling of conduction electrons between the antiferromagnetically coupled grains will happen due to the reduced GB's barrier. However, this tunneling through GB is strongly decreased as magnetic field increasing. Therefore, we believe that strong resistivity dependence of fields on low magnetic fields may be attributed to the domination of spin dependent scattering (GB tunneling). As the magnetic fields increasing above 0.75 T, the effect of spin dependent scattering decrease and e-e interaction will play a key role in dominating the low-temperature resistivity minimum behavior due to its weak dependence on the magnetic fields. Furthermore, we also confirm the effect of disorder to the resistivity upturn behavior in this system. As we know that, the e-e interaction will be enhanced by the magnetic disorder degree in the system. Jia et al. 13 studied the effects of the local lattice distortion induced disorders to the resistivity upturn behavior. They introduced the in situ tunable ferroelectric-poling-induced in-plane strain to the manganite thin films in order to investigate the influence to the QCC effect. It was found that the resistivity upturn and T min are significantly suppressed after ferroelectric poling due to the reductions of lattice distortion of MnO 6 octahedral and orbital disorders. However, another kind of disorder could be the random potential fluctuations due to the different doping size of ions and doping levels. In our case, two different doping levels (x ¼ 0.2 and 0.3) of LHMO compounds were studied. From Figs. 2 and 3 , we can find that, comparing with the results on the LHMO(0.2), the resistivity upturn behavior of LHMO(0.3) grows much more tempestuous and T min is nearly twice larger than that of LHMO(0.2). As shown in Fig. 6 , the q 0 of LHMO(0.3) is smaller than that of LHMO(0.2) the reason of that probably is the higher doping level induced more carriers in the compounds. However, q s and q e of LHMO(0.3) are larger than those of LHMO(0.2). The higher doping level will induce higher disorder degree in the system, including the doped carriers' density and the impurity secondary phase reported in our previous work. 24 Thus, it is understandable that the observed resistivity upturn becomes aggravated and the T min moves to the higher temperature. These results indicate that the e-e interaction enhanced by disorder may play an important role in determining the low-temperature resistivity minimum behavior of LHMO compounds. The effect of different doping levels on the resistivity upturn gives a direct evidence of the presence of QCC effect in LHMO at low-temperature. At the same time, another impact factor, which is the magnetic disorder and frustration in the FM ground state, should also be taken into account in our case. As reported by Muthuselvam et al., 25 this low-temperature minima appears due to the competition between the weak FM grain boundaries and strong FM grains. The higher Hf doping level will introduce more secondary phases, which is magnetically, and meanwhile the magnetic disorder and grain boundaries will increase correspondingly. That maybe one of the reasons that the T min of LHMO(0.3) is higher than that of LHMO(0.2). The same result was also found in other magnetic oxides by increasing the doping level of nonmagnetic elements. 26 Our results may be different from the explanation on the polycrystalline La 0.5 Pb 0.5 MnO 3 compounds in Ref. 8 . They attributed the single factor model of spin-polarized intergrain tunneling to understand low-temperature resistivity minimum behavior. In our case, we think both models of spin dependent scattering and e-e interaction should take into consideration in order to fully understand the low-temperature resistivity minimum in these electron-doped LHMO manganites.
qðH; TÞ
¼ q 0 À q e T 1=2 þ q s lnT þ q p T 2 LHMO (0.2) LHMO (0.3) H(T) q 0 (X cm) q e (10 À2 X cm K À1/2 ) q s (10 À2 X cm (lnK) À1 ) q p (10 À5 X cm K À2 ) q 0 (X cm) q e (10 À1 X cm K À1/2 ) q s (10 À1 X cm (lnK) À1 ) q p (10 À5 X cm K À2 ) 0 1.
IV. CONCLUSIONS
In summary, the low-temperature resistivity minimum behavior and its dependence on the magnetic fields are systematically studied on the polycrystalline LHMO compounds with two different doping levels x ¼ 0.2 and 0.3. The results show that the temperature at resistivity minima T min shifts first to the lower temperature at low magnetic fields H < 0.75 T, then moves back to the higher temperature as magnetic fields increasing above 0.75 T. The experiment results were fitted by considering both terms of lnT and T 1/2 , indicating the observed phenomenon in LHMO can be understood taking into account both spin dependent scattering and e-e interaction. The effect of different doping levels to the resistivity upturn also gives a direct evidence of the presence of e-e interaction in LHMO at low-temperature. At low magnetic field region, spin dependent scattering model dominates the low-temperature resistivity minimum behavior, while the e-e interaction plays a key role at the high magnetic field region. Our results verify that e-e interaction is a general characteristic in the strong correlated manganites. Furthermore, we also want to note that it is the first time to observe such low-temperature resistivity behavior in the tetravalent Hf-doped manganites. To fully understand this behavior in LHMO, many more experiments on the single crystal thin films and theoretical calculations are needed.
